Monitoring of methanogenic communities in anaerobic digesters using molecular-based methods is very attractive but can be cost-intensive. A new and fast quantification method by microscopic image analysis was developed to accompany molecular-based methods. This digitalized method, called quantitative microscopic fingerprinting (QMF), enables quantification of active methanogenic cells (N mL
Introduction
Biogas is a renewable energy carrier obtained from fermentation of various sources such as sewage sludge, landfill deposits, biomass (including bio-waste) or animal manure which can be converted to electricity as well as heat and biofuel. The digestion residues could be used as fertilizer to achieve a closed nutrient cycle (Deublein & Steinhauser, 2010) . In the last decades the biogas industry has become predominated by large-scale plants and has developed strong linkage with commercial interests and political supports. In view of that, it became important to ensure the stability of the microbial process, e.g. by measuring fermentation metabolites or the cell counts of microbial community in the biogas process. Therefore, a semi-automatic microscopic quantification of methanogens and total cells by digital image analysis was developed in previous studies on biogas digesters (Scherer et al., 2009) . The principle was thereafter advanced by comparing with results from the fluorescence in situ hybridization (FISH) technique (Scherer & Neumann, 2013) . This led to the idea of differentiating between aceticlastic and hydrogenotrophic methanogens on the basis of their specific auto-fluorescence and their different morphotypes. The counting of methanogens reveals information about the presence and vitality of living cells by measuring the characteristic auto-fluorescence of methanogens based on the fluorescent coenzyme F 420 (Cheeseman et al., 1972; Edwards & McBride, 1975; Gorris & van der Drift, 1994) , which distinguishes it from the other existing quantification methods using image analyses (Bloem et al., 1995; Daims et al., 2001) . The monitoring of the fluorescent coenzyme F 420 provided the potential to record methanogenic activity as well (Gorris et al., 1988; De Poorter et al., 2005) . As living methanogens are being measured, pretreatments of samples such as a cell-fixing agent of formaldehyde, strong mixing or ultrasonication of detaching cells should be avoided. Consequently, the microscopic quantification procedure was extended by classification of different morphotypes simultaneously. The quantitative microscopic fingerprinting (QMF) method (Scherer et al., 2012) was performed to establish the number of total cells under phase contrast mode without the use of the counterstain SYBR Green, which often causes deviations due to the difficulty in differentiating microbes from soil particles. Thus some procedures of the method such as application of a reproducible single layer technique and stains of SYBR Green I (Martens-Habbena & Sass, 2006) , were introduced to enable a more precise differentiation between abiotic and biotic particles. Additionally, plant fibre particles, which are normally bigger than Bacteria, can be sorted out automatically by image analysis.
The quantified profile of the microbial community of a biogas process can be obtained in detail by, for example, quantitative PCR (Steinberg & Regan, 2009; Traversi et al., 2012; Westerholm et al., 2012) . qPCR can provide useful information about the relative quantitative spectrum of microorganisms down to the species level, which is an obvious advantage of this molecular-based method. Presently, qPCR is considered a recognized standard approach in industrial or medical settings for quantification. The inclusion of internal and external controls is necessary to minimize pitfalls such as variations in amplification efficiency caused by inactivation of polymerase, masking of DNA by humic acids, or differences in sample consistency and extraction procedure (Brankatschk et al., 2012; Hargreaves et al., 2013) . Another challenge within the qPCR approach is the difficulty in distinguishing between active and inactive cells. The number of cells is also not provided by this method, due to variations in gene numbers of 16S rRNA genes in the genomes (Case et al., 2007; V etrovsk y & Baldrian, 2013) . A relative cell counting by qPCR with reference genes could be indicative; however, absolute counts by qPCR are still dubious. Therefore, comparison with a reference method, such as the microscopical absolute quantification, will provide more reliable results.
The aim of the present study was to introduce a rapid and reliable digital image analysis, designated the QMF method, which can be used easily on biogas samples. The novel method was further evaluated by comparing the outcome with results obtained from qPCR.
An clear advantage of the QMF method is the capability to provide absolute counts (N mL
À1
) of accompanying Bacteria as well as methanogens. Furthermore, the possibility of morphological classification of the methanogens by the QMF will be discussed. Combining the two methods, QMF and qPCR, will be enhanced microbial ecological analysis of anaerobic digesters.
Materials and methods

QMF
Sample preparation
Samples were taken after homogenization with a stirrer and stored in a 250-mL closed bottle at 4°C for subsequent analysis. The bottle was filled almost to the brim to prevent oxygen inhibition without extra flushing with N 2 . Samples with low density (total solid content 1-4%) may be stored for 1-2 days. Samples with high density (total solid content of 5-12%) may be stored for up to 10 days. A microscopic slide was coated evenly with a 350-mL aliquot of methylcellulose (400 cP; Sigma-Aldrich M0262-100G, Steinheim, Germany) which had been dissolved in deionized water (w/v 2%) at 20°C without mixing. Complete dissolution was observed after 1 month. The methylcellulose coating was dried on a thermo plate at 55°C for 30 min. Pretreatment of the sample had to be conducted quickly, e.g. within 30 min, due to oxygen toxicity to methanogens. For microscopy, an extra anaerobic chamber or exclusion of oxygen from the sample was not necessary. The pH values of the samples generally lay between 7.3 and 7.8. An amount of 3-5 g of the sample with a low density (representing a total solid content in the sample of 1-4%) was prediluted two times (w/w) and the sample with a high density (representing total solid content in the sample 5-12%) was pre-diluted three times (w/w) with a 10-mM sodium phosphate buffer including 130 mM NaCl in a 100-mL screw cap sealed cup. The sample was mixed by vigorous shaking the sealed cup for 5 s. Lysis of the methanogens by the mechanical pretreatment was checked by recognizing the fluorescent cloud (background) of released F 420 around the lysed methanogens. Additional lysis during pretreatment was normally not observed. To facilitate pipetting with the 200-lL pipette tip, about 1-1.5 cm of the tip was cut off. An amount of 100 lL of the pre-diluted sample was again diluted 10 times with 900 lL of DAPCO solution as an anti-fading agent (1,4-diaza-bicyclo (2,2,2) octan; Roth 0718, Karlsruhe, Germany) in a 1.5-mL micro reaction tube. The resulting solution was mixed with a vortex at 350 g for about 2 s. The DAPCO solution (50 mg mL À1 ) had been prepared by mixing 5 g of DAPCO with 100 mL of the sodium phosphate buffer. The DAPCO solution clearly extended the time of fluorescence. The following process was done in darkness due to a high light-sensitivity of the SYBR Green stain and methanogens. For total cell counting, 5 lL of the diluted sample was mixed with 5 lL of a 10009 diluted SYBR Green I on a coverglass for a microscopic slide (24 9 50 mm) by pipetting several times. The 10 0009 concentrated SYBR Green I (Life Technologies Darmstadt, S7563; this stock solution can be stored at À20°C for several years) had been diluted 10009 with the 10 mM sodium phosphate buffer and resulted in a 9.8 lmol solution as final concentration (Zipper et al., 2004) . The SYBR Green I solution was stored at 4°C in the dark until use. The prepared SYBR Green I solution could be stored for about a month at 4°C. For the counting of methanogens, a microscopic slide was prepared separately by pipetting 10 lL of the diluted culture on a coverglass without mixing with the SYBR Green I. The coverglass was turned upside down (sample side facing downwards) with one edge touching the surface of the methylcellulose-coated microscope slide; the other edge was dropped on the slide such that the sample was distributed within the methylcellulose-coated area of the slide. Additional manual pressing of the coverglass was avoided because this could cause an additional ring-shape distribution of the liquid sample, resulting in inhomogeneous distribution.
Microscopy
First, the homogeneous distribution on the slide was checked by a magnification of 509 with a Leica Microscope DM6000B (motorized and PC-controlled threeaxis cross table, Leica DFC365FX camera). The start position of the picture acquisition was chosen at a corner of the sample area in a middle line and the picture was captured while moving to another corner horizontally or vertically with a gap of a picture size. About 20-25 pictures per sample were taken by 4009 magnification with the image analysis software IMAGE PRO 7 (Media Cybernetics, Bethesda, MD) to obtain statistical certainty. Average values from those pictures were reported as results. The filter cube used was Leica CFP (excitation 426-446 nm and emission 460-500 nm) and Leica L5 (excitation of 460-500 nm and emission of 512-542 nm) for methanogens and SYBR Green I, respectively. The shutter speed was kept at 82.4 ms and the image was intensified four times for all analyses. The distributed sample area on the microscopic slide was calculated exactly by histogram-based quantification of the Leica software LAS AF after capturing the sample area using a l.259 loupe and merging the tile-scanned image.
Equation (1) shows the calculation of absolute cell number by microscopy. Exemplary calculation: mean value of cells in digital frame (image) = 498, area of pipetted 10-lL sample distributed under coverslip on the microscopic slide = 280 mm 2 , dilution factor = 10, area of frame (digital image) = 0.03766 mm 2 , pipetted volume = 10 lL, conversion factor from microlitre to millilitre = 0.001. As a result, (498*280*10)/(0.03766*10*0.001) = 3.70 E + 9.
Image analysis
High quality image analysis software (IMAGE PRO 7) enables counting of high cell numbers of 10 9 or 10 10 mL
À1
. In-house developed algorithms were used for simultaneous classification of cells based on morphological differences (see Supporting Information, Data S1). Although isolates of methanogens are well known for their diverse morphologies, the variety of morphologies found in anaerobic digesters appeared to be simpler, perhaps due to the dominance of only a few methanogenic taxa in a given digester (Boone et al., 1993; Krakat et al., 2010; Scherer & Neumann, 2013) as compared with the variety of possible bacterial morphotypes by CMEIAS (Liu et al., 2001 ). In our case, methanogens were classified into coccoids and rods according to aspect (ratio between major axis and minor axis of ellipse equivalent to object, rods more than 1.5, coccoids < 1.5). The length of microbes was also measured as coccoid-type methanogens (0.5-10 lm) and rod-type methanogens (0.5-100 lm). Methanosarcinaceae and Methanosaetaceae were manually determined and evaluated with the image software based on the size of the microbes. A simplified model was assumed to be a sphere (2.5 lm in diameter as the average for a single cell) and a sheathed filament (2 lm in length assumed for a single cell) for quantification of Methanosarcinaceae and Methanosaetaceae, respectively. The area of the multicellular packets and the length of the sheathed filaments were measured by the image analysis software. These values were consequently used for calculation of the number of the Methanosarcinaceae and Methanosaetaceae. This semi-automatic procedure took 10-15 min for the evaluation of c. 40 images. The arrangement of morphotypes was basically derived from Boone et al. (1993) and Whitman et al. (2001) . The computer-based control of a motorized microscope as well as the image analysis can be performed with the software IMAGE PRO 7, and other classifying software, e.g. CMEIAS (Liu et al., 2001) , can be used only for image analysis. 
Quantitative PCR
The samples taken from biogas plants were transported to the laboratory as described above and stored at 4°C for 1 or 2 days before DNA extraction. For the DNA extraction the sludge sample was well mixed and triplicate aliquots of 0.3 mL were taken from each digester sample. The procedure for extraction of total genomic DNA, construction of DNA standards and performance of the qPCR analyses of syntrophic acetate oxidizers (Clostridium ultunense, Syntrophaceticus schinkii and Tepidanaerobacter acetatoxydans) of the methanogenic communities (Methanomicrobiales, Methanosarcinaceae, Methanosaetaceae and Methanobacteriales) were conducted as described previously (Westerholm et al., 2011 (Westerholm et al., , 2012 . The qPCR analysis included three dilutions (1 : 10, 1 : 100, 1 : 1000) of each triplicate sample in order to monitor for the presence of inhibiting compounds. Furthermore, to assess levels of background contamination, triplicate wells containing reaction mix without template DNA were included in each assay. Results were reported as average 16S rRNA gene abundances per millilitre of reactor sludge. Visualization of qPCR products in 1% (w/v) agarose gel was performed using ethidium bromide staining. The total bacterial and the total archaeal communities were quantified with the primer pair U1048/U1371 (Maeda et al., 2003) and ARC787f/1059r (Yu et al., 2005) , respectively.
Results
Microbial quantification by QMF and qPCR was performed of samples from the three biogas plants: Biowerk (mesophilic 37°C, food leftovers); Seth F2 (thermophilic 51°C, agricultural by-products); Seth F3 (thermophilic 59°C, agricultural by-products).
In the sample from Biowerk, a mesophilic biogas plant for food leftovers (Table 1) , the absolute values of both methods exhibited extremely high deviations in terms of Methanomicrobiales and Methanobacteriales as the gene copies of qPCR were about 1000 times lower than the cell counts by QMF. But the absence of Methanosarcinaceae and Methanosaetaceae by qPCR was well matched by the morphological classified values of QMF. The fraction of Archaea also differed in both methods, showing 0.2% (qPCR) and 12% of the total cells (QMF). However, both methods showed a high abundance of Methanomicrobiales and Methanobacteriales, indicating a dominance of the hydrogenotrophic methanogenesis pathway. The relative distribution of the two methanogenic orders obtained by the two methods proved to be almost identical and the comparison is presented in Fig. 1a and b. The results of the sample Seth F2 obtained by both methods regarding the presence of Methanosaetaceae in the thermophilic biogas fermenter for cattle manure were in a good agreement. Both QMF and qPCR here revealed counts below detection limit. Interestingly, qPCR showed a high amount of 5.3 E + 08 of Methanosarcinaceae, whereas QMF only revealed an amount of 6.5 E + 07. The amount of Archaea in relation to the total cells was also relatively consistent for both methods, 7% and 6% by qPCR and QMF, respectively. Archaea and Bacteria were recovered by qPCR in the same proportion. The absolute values of both methods in the sample analysis for Seth F2 differed strongly, but not in the same manner as the Biowerk mesophilic biogas plant with food leftovers. For Methanobacteriales, cell numbers and gene abundance obtained by the two methods corresponded well, but for Methanomicrobiales the results were found to be three orders lower with qPCR than with QMF. Methanosarcinaceae are often present in biogas plants with cattle manure (Chachkhiani et al., 2004) and were in present study, higher using qPCR than by the morphological detection of multicellular packets with QMF. This significant deviation between the recovery for Methanomicrobiales and Methanosarcinaceae could be explained by the fact that Methanosarcinaceae can take two different morphological forms, coccoids and multicellular packets (Boone & Mah, 1987) . In Fig. 1c and d the sum of Methanomicrobiales and Methanosarcinaceae using qPCR was compared with the sum of methanogenic coccoids and multicellular packets to reach similar results. This reduced the deviation, but a difference of 18% still remained.
The reactor Seth F3 was fed with the same cattle manure substrate as Seth F2, but at the hyper-thermophilic temperature of 59°C instead of 51°C. Similar results of the methanogenic composition were obtained for reactor F3 and reactor F2, with the exception that the absolute value of methanogenic coccoids was again much higher using QMF. Methanobacteriales and methanogenic rods were nearly the same, 3.1 E + 08 and 3.5 E + 08, respectively. Similar to reactor F2, the number of Methanosaetaceae found using qPCR was similar to the morphological image analysis of QMF. The Methanosarcinaceae showed the highest amount, 3.1 E + 08, using qPCR, in contrast to the lowest number of 7.1 E + 07 found as multicellular packets by QMF. Similarly as in Seth F2, a strong deviation between Methanomicrobiales by qPCR and methanogenic coccoids by QMF was observed. Therefore, the sum of Methanomicrobiales and Methanosarcinaceae using qPCR was compared with the sum of methanogenic coccoids and multicellular packets in Fig. 1e and f, for the same reason as stated above in Seth F2. Again, the deviation was reduced but a 15% deviation was still observed.
Furthermore, syntrophic acetate oxidizers were analysed on the three samples by qPCR. In the Biowerk sample, C. ultunense, S. schinkii, and T. acetatoxydans were found in high amounts: 1.2 E + 06, 1.2 E + 08 and 1.6 E + 08, respectively. In the Seth F2 and F3 samples, no syntrophic acetate oxidizers could be detected.
Discussion
The methanogenic community of an anaerobic digester fed with particulate organic matter could be quantified by fluorescence image analysis. Furthermore, the quantified microorganisms could be classified into coccoid and rodtype microbes, enabling the following classification based on morphology to be done (Table 2) .
Samples from three large-scale biogas plants (Biowerk, Seth F2, Seth F3), operating at diverse conditions, were analyzed by two different quantification methods. Sample Biowerk was taken from a mesophilic biogas plant fed by bio-waste (Biowerk, Hamburg), which has a high ammonia content (744 mg L À1 NH 3 -N). It is well known that syntrophic acetate oxidation coupled with hydrogenotrophic methanogenesis is a common pathway for the methanization of acetate at such a high ammonia concentration (Schn€ urer & Nordberg, 2008; Westerholm et al., 2011) . Consequently, hydrogenotrophic methanogens were expected to be dominant. Congruent to this, high numbers of the following syntrophic acetate oxidation Bacteria (SAOB) were found by qPCR in the sample from Biowerk; C. ultunense (1.2 E + 06), S. schinkii (1.2 E + 08) and T. acetatoxydans (1.6 E + 08) (not listed in Table 1 ). Hydrogenotrophic methanogenesis was expected to dominate, which is in agreement with the qPCR results of high Methanomicrobiales abundance without the presence of Methanosarcinales. The results obtained by QMF were compatible with the qPCR method in terms of the relative fraction, because of the absence of other types (order) of methanogens such as Methanosarcinales in these biogas plants. Nonetheless, the abundance of Methanobacteriales was underestimated by qPCR, being 1000 times lower compared than estimates using QMF. As mentioned in the Introduction, this could depend on the characteristics of the substrate medium (Brankatschk et al., 2012; Hargreaves et al., 2013) . Another possibility that cannot be excluded is that the DNA extraction of the Biowerk sample contained compounds inhibiting the qPCR analysis. Although based on the high ammonia value of 744 mg L
À1
, the low methanogenic abundance of about 1 E + 05 to 1 E + 07 obtained by qPCR may be realistic. Some of these values correspond to levels in other high ammonia digesters operating at mesophilic temperatures (Westerholm et al., 2011 (Westerholm et al., , 2012 ). Thus we considered only the relative ratios of the abundance of species in the same sample, found by qPCR, neither absolute values in the same sample nor relative values of different samples. This is the reason for emphasizing the positive aspect of combining these two methods, qPCR and QMF, to reliably establish the prevailing microbial community. The absolute values from QMF supplemented the results from qPCR, since QMF supplied information regarding the number of active methanogens. Generally, all methanogens found in biogas plants possess the fluorescent cofactor F 420 , so detection of methanogens based on the F 420 has long been an accepted method (Cheeseman et al., 1972; Gorris & van der Drift, 1994; Wirth et al., 2012) . However, not all methanogens, e.g. Methanosaetaceae, can be easily detected by auto-fluorescence due to insufficient amounts of F 420 . The presence of Methanosaetaceae was estimated by manual determination under the fluorescence mode with the stain SYBR Green I according to morphological features such as straight sheathed filaments (Boone et al., 1993) . Methanosaetaceae possess a relatively low amount of coenzyme F 420 , 0.55 lg mg À1 protein compared with 1.54 lg mg À1 protein for hydrogentrophs (Zehnder et al., 1980; Reynolds & Colleran, 1987) . Therefore it is difficult to differentiate Methanosaetaceae from other bacterial filaments based on the F 420 fluorescence. However, if hydrogenotrophs were dominant, e.g. at high ammonia concentrations, Methanosaetaceae were generally not detected due to their high sensitivity to ammonia toxicity (Sawayama et al., 2004; Karakashev et al., 2005; Schn€ urer & Nordberg, 2008) . In addition, Sun et al. (2014) reported that hydrogenotrophic methanogens belonging to the orders Methanomicrobiales and Methanobacteriales dominated at high ammonia concentrations, representing more than 80% of the methanogens. Similarly, in this study, the Methanosaetaceae were not detected in the three samples with either QMF or qPCR. The microscopic detection method for Methanosaetaceae needs to be improved, but it could be supported by molecular-based methods. It was also known that Mycobacterium possesses F 420 , but levels ranged from 4.6 to 34 ng mg À1 protein (Purwantini & Daniels, 1996) and thus F 420 was normally not detectable under fluorescence microscopy. Scherer et al. (2012) and the classified morphotypes corresponded to the results by qPCR. For Seth F2 (c, d), the sum of Methanomicrobiales and Methanosarcinaceae by qPCR was 18% lower than the sum of the morphologically classified values of methanogenic coccoids and multicellular packets by QMF. This could be attributed to a lower detection value of Methanomicrobiales by qPCR. For Seth F3 (e, f), the sum of Methanomicrobiales and Methanosarcinaceae by qPCR was 15% lower than the sum of the morphological classified values of methanogenic coccoids and multicellular packets determined by QMF.
Samples Seth F2 and F3 were obtained from two biogas reactors, fed with the same substrate but operated at different temperatures, 51 and 59°C, respectively. An interesting observation was that similar numbers of Methanosarcinaceae between F2 and F3 were found by qPCR as well as multicellular packets as classified with QMF. SAOB (C. ultunense, S. schinkii, T. acetatoxydans and Thermacetogenium phaeum) were not found in the two thermophilic reactors (data not shown). The absence of these mesophilic and thermotolerant SAOB was probably due to the thermophilic temperature conditions. The ammonia concentration was not significantly high in F2 (211 mg L À1 NH 3 -N) but was relatively high in F3
(550 mg L À1 NH 3 -N). Interestingly, qPCR revealed the highest gene abundance of Methanosarcinaceae (5.4 E + 08 in F2, 3.2 E + 08 in F3) among methanogens, whereas QMF indicated about 10 times lower results: 6.6 E + 07 (4.3% of methanogens) in F2 and 7.1 E + 07 (6.9% of methanogens) in F3. QMF showed a dominance of methanogenic coccoids (79% in F2, 59% in F3), followed by methanogenic rods. Thus, qPCR could supplement the results obtained with QMF by showing the quantified results of Methanosarcinaceae and Methanomicrobiales. In this case, the sum of Methanomicrobiales and Methanosarcinaceae was more comparable to the sum of methanogenic coccoids and multicellular packets than a simple species comparison would be. Nonetheless, deviation between F2 (18%) and F3 (15%) still remained. One explanation could be restriction of the probe used in the qPCR analysis of Methanomicrobiales, meaning that species belonging to this group are not targeted. The total Bacteria found by qPCR in the three samples showed no clear difference, irrespective of the ammonia concentration, which is in accordance with the observations made by Westerholm et al. (2011) and Sun et al. (2014) . Remarkably, the specific biogas production rate of Biowerk and Seth was c. 614 and 594 L biogas kg À1 VS day
, respectively. From the point of view of biogas production, methanogenic activity was relatively high in both cases and supported the high quantitative results of QMF.
Additionally, the inaccuracy of counting in threedimensional, irregular structure of Methanosarcinaceae or the typical error of PCR amplification or DNA extraction efficiency could be the reason for the differences. Another potential cause is a difficulty in counting cells in cell agglutination or attached cells on the plant fibres. In our case, three different steps, shaking by hand, vortexing and pipetting, were used. Normally, these steps will assure a homogeneous distribution of cells in digester samples from agricultural biogas plants. Nevertheless, dissolving cell aggregate of filaments without damaging the cells is still a challenge. The fluorescence intensity of methanogenic cells is much stronger than that of plant fibre (approximately four times), so these components can be differentiated easily. On the basis of this difference in fluorescence intensity, cells can be readily segmented from the background of debris and plant constituents by image The quantification of bacterial and methanogenic cells could provide useful information about their activity concerning hydrolysis as well as methanogenesis. Furthermore, an attempt was made to classify the methanogens morphologically, as the morphology of methanogens occurring in biogas plants seemed to be relatively simple. The morphological classification was simplified and is assumed according to Boone et al. (1993) and Whitman et al. (2001) as well as to our observations, which were verified by the FISH technique (Scherer et al., 2009; Krakat et al., 2010; Scherer & Neumann, 2013) . The taxonomic groups Methanomicrobiales, Methanobacteriales, Methanosaetaceae and Methanosarcinaceae were usually found in more than 90% of Archaea, but in < 5% of Methanococcales (Nettmann et al., 2008; Rastogi et al., 2008; Wirth et al., 2012) . Methanomicrobiales have occurred in various forms (regular, irregular) of coccoids in biogas plants. It was found that hydrogenotrophs were dominant in agricultural biogas plants where a high ammonia concentration was usually observed (Nettmann et al., 2008 (Nettmann et al., , 2010 Schl€ uter et al., 2008; Krakat et al., 2010; Wirth et al., 2012) . Therefore, a coccoid-type Methanoculleus plays a dominant role. Because of the dominance of hydrogenotrophs, these could be simplified and presumably categorized, as the coccoid-type methanogens could be assigned to Methanomicrobiales (MMB) and the rod-type methanogens assigned to Methanobacteriales (MBT). This assumption is a rough estimate. A rod-type of Methanomicrobiales, Methanospirillum, could be distinguished from the rod-type of Methanobacteriales due to its length (6 lm) (Boone et al., 1993; Whitman et al., 2001) . The following types of methanogens could not be differentiated by QMF: a rod-type Methanomicrobiales, e.g. Methanoregula boonei, and a coccoid-type Methanobacteriales, e.g. Methanosphaera stadtmaniae, as well as a coccoid-type Methanococcales, e.g. Methanococcus maripaludis. These methanogens might occur but only in a small number (possibly negligible) in biogas plants. Therefore the QMF has to be verified using a molecular-based method. Afterwards the morphotype of methanogens frequently can be monitored by QMF. However, the quantification and classification of QMF could provide a rapid and reliable analysis of the microbial population despite its inaccuracy in classification compared with molecular-based methods. Nearly 100% of rodtype methanogens found in this study were < 6 lm in length (mostly 1 -3 lm) in the sample from biogas plant Biowerk and 99% of rod-type methanogens were < 6 lm in length (mostly 1-3 lm) in the sample from biogas plant Seth. Thus the most likely rod-type methanogens were assumed to be Methanobacteriales in this study. QMF and qPCR detected Methanosaetaceae to the same extent. However, in the presence of Methanosarcinales the morphological classification has to be supplemented by molecular-based qPCR.
analysis (Gross et al., 2010) . One of the most important points for accurate counting could be the pretreatment, including the sampling steps, which should be related to homogeneous and representative sample treatment. A proper control such as a spike method or internal standards (e.g. stained bacterial monoculture of known abundance, defined inorganic and organic particles) can be applied to ensure reliable quantifications and to calibrate the QMF. This study introduced the quantification method QMF, which supplies an absolute number of microorganisms per sample volume, based on determination of their morphologies by image analysis. Samples from three different biogas reactors were analyzed by both QMF and molecular-based qPCR. The dual analysis with qPCR and QMF opened the possibility to combine molecular-based data with the information about active cell number, leading to a more comprehensible evaluation of the microbial community. Furthermore, the QMF is a quick and simple method that provides a rough estimation of the methanogenic composition. Using this method to monitor continuously the anaerobic digestion process would enable rapid detection of microbial changes and thereby facilitate early preventive measures against process instability.
